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T h e effects o f selective b re e d in g on th e la b o ra to ry p ro p a g a tio n o f in se ct p a ra s ite s *
The formal application of certain animal breeding methods has been investigated in the laboratory propagation of a chalcid parasite, Microplectron fuscipennis Zett. An account is given of the methods used with reference to their value in the propagation of other insect parasites. Through selective breeding, laboratory production permitted the distribution of 889 million parasites over the spruce sawfly infested area in Canada. Selection in the breeding lines brought about a continuous decrease in the number of sterile males from 35 to 2 %; an increase in the mean number of offspring per mother from 34 to 68 and an almost equal reduction in variability of development, oviposition and length of adult life. Tests are reported on the effects of inbreeding and outbreeding on these lines using wild and laboratoryreared stock.
I n t r o d u c t io n
The primary purpose in the laboratory production of parasites for use in the biological control of insect pests is to accumulate a sufficiently large population of breeding stock so that as many as possible can be released in the infested area. The liberation of large numbers of parasites is often a matter of urgency. This is particularly so when the infestation is rapidly expanding or in cases where libera tions can only be effectively made during critical periods in the life cycle of the host. Where the parasites are being imported from a foreign country it is often impossible to obtain them in large numbers, and before small initial colonies can increase and become distributed over the infested area the greater part of the crop is destroyed.
The propagation of parasites under artificial conditions presents many problems. In the rearing of many species considerable difficulty has been experienced in maintaining sufficient numbers for breeding purposes alone, and in the propagation of some the stock has been finally lost. Where the parasite is an imported species it may be difficult to replace, and its establishment as a control factor may be greatly delayed if not ultimately abandoned. The economical production of large numbers for release is not often accomplished without many adjustments in the methods of rearing.
In 1933 the Dominion Department of Agriculture began attempts to establish insect parasites imported from Europe in the rapidly expanding infestation of the European spruce sawfly ( G ilpiniahercyniae Htg.) in Canada. Following the establishment of several species (Baird 1937) , it soon became desirable to supple-to mate and its short life cycle, it is a very useful species for experimental studies. The biology of the species has been dealt with by Morris & Cameron (1935) and its reactions to various environmental changes by Ullyett (1936a) . Ullyett (19366) has also given the results of an experimental study on the factors influencing the selection of its host.
An account of the general method of propagation used in the laboratory previous to 1936, has been given by Finlayson & Reeks (1936) . Although the technique followed during the present study is essentially the same, some changes have been made and, therefore, a brief outline of the method is given.
One female parasite is placed in a shell vial measuring by § in. containing one or two sawfly cocoons. The vials are sealed with a plug of cotton-wool and placed in an incubator operating at 23° C and 45 to 80 % relative humidity. Egg deposition begins soon after the females are placed with the host cocoons and is usually completed by the fifth day. Under these conditions the females will deposit their full complement of eggs in one host cocoon. The parasite larvae, after eclosion, begin feeding on the sawfly larvae within the cocoon. Larval development is usually completed on the 10th day, and after a pupal period of 8 days the adults begin to emerge through an exit hole gnawed through one end of the host cocoon.
Mating takes place immediately following emergence, and females can, there fore, be used for propagation without delay. In routine breeding the parasites are not allowed to emerge in the vials. In order to avoid inbreeding, cocoons from different lots are removed from the vials 2 or 3 days before the parasites mature and placed together in a small cage for emergence and mating. When selected matings are desired it is necessary to open the cocoons and remove the parasites in the pupal stage. The pupae can be segregated in small shell vials until adult emergence with very little mortality. Selected females are then transferred to the vial containing the male chosen for the experiment and mating is usually effected in 2 to 5 min.
In order to obtain comparable data that could be used currently in developing a large-scale rearing programme, a series of inbreeding and selection experiments were carried out using both wild and laboratory stocks. Wild stock from parasites recovered at Sussex, New Brunswick, was reared in the laboratory for seven generations. One group was inbred (brother-sister matings) and another group outbred following the procedure indicated above. At the same time and under similar laboratory conditions, records were obtained from a selectively inbred line and an outbred line of laboratory-reared stock. Differences shown by these lines are given under the separate headings indicated. R e s u l t s a n d o b s e r v a t io n s o n t h e e x p e r im e n t s (a) Fertility of males. The progressive diminution in the proportion of females encountered in laboratory propagation has long been a problem in the rearing of insects for purposes of biological control. This is particularly true in the case of species in which males are produced by parthenogenesis. In the United States, Garman & Schread (1931) report a varying sex ratio of from 75 to 23 % females in the laboratory production of Trichogramma minutum Riley; Holloway (1934) obtained a progressive decrease of from 59 to 31 % females of Macrocentrus ancylivorus Rohw., during the breeding period from June to September; while in Canada at the Dominion Parasite Laboratory several laboratory-breeding projects have been limited in their success by the decline in the female sex ratio. In the breeding of two ichneumonid parasites of the European corn-borer, Angitia punctoria Rom. and Cremastus fiavoorbitalis Cameron, the proportion of females produced in laboratory propagation decreased successively from spring until autumn to such an extent that very few females were available for liberation at the end of the breeding season. The braconid Chelonus annulipes Wesm. has shown the same general tendencies (Wishart & Thomas 1932) .
During the first year in the laboratory propagation of Microplectron fuscipennis variations in the sex ratio were not detected. Although during the season some difficulty was experienced in maintaining an adequate supply of females for breeding purposes, the greater proportion of the males did not emerge. As a result of dry rearing conditions, the males were unable to gnaw an emergence hole through the toughened host cocoon. A record of the sex ratio in that year, therefore, is lacking and the results on the whole are unreliable. In the following year, with a total emerg ence of both sexes, the increased production of males and corresponding decrease of females soon became evident. In the laboratory-reared line used at the beginning of the season the sex ratio was approximately 85 % females. With each successive generation the proportion of males increased until in the eighth only 10 % of the progeny produced were females, a percentage barely sufficient to provide breeding stock.
In 1937 a beginning was made in an attempt to improve the sex ratio (increase the proportion of females) of the laboratory-breeding stock by the direct applica tion of selective breeding methods. During the early part of the summer selective breeding was started, using in each generation individuals from families producing the highest female sex ratio. At the same time, experiments were initiated to determine the effects of inbreeding using both the selected and wild stocks. After twelve generations some of the selected individuals were used in the general propagation work. Using the same stock of females selection was continued for 4 years largely during the winter months. Each year at the beginning of the summer breeding season the selected stock was used in the regular mass propagation lines.
From the results of these experiments, shown in table 1, it is apparent that the inbred fines, whether wild or selected, produced the greatest number of sterile males. In the wild inbred stock, 30-1 % of the male progeny were sterile; in the selected inbred stock 15-7 %. Both outbred fines produced much fewer sterile males; wild outbred gave 9-4 %, while the laboratory outbred parents produced only 5*9 %. The production of sterile males, shown graphically in figure 1, increased in the inbred wild stock to such an extent (95 %) in the seventh generation that it was almost impossible to keep the strain alive. This is also shown in the breeding record of the laboratory production line in 1937 (figure 2). ---------------*--------------- It is clear that to continue breeding this species it was necessary to reduce the continually increasing high degree of male sterility. This was most effectively brought about by selective breeding. By continuing the strain of those pairs whose offspring showed the highest degree of fertility, even in the inbred lines, it was possible to reduce sterility to less than half. It was still further reduced by outbreeding but not entirely eliminated (figure 1). The apparent irreducible minimum sterility in the laboratory production of this species is approximately 2 %.
In this species unfertilized eggs give rise to males and fertilized eggs to females. Thus, since mating was known to have occurred, mothers producing only male progeny may be assumed to represent in each case a sterile condition of the male parent. In table 2 is shown the percentage of mothers producing only males in regular laboratory production during the past 10 years. In this table also can be seen the rapid decrease in male sterility and corresponding increase in the pro portion of females in the total progeny produced, particularly during the first few years of selective breeding. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 F 1-8 inbred F 7-16 outbred generations F igtjbe 2. Progeny records of females reared in laboratory production during 1937. Mothers producing male progeny only -• -; sex ratio of progeny --© --. In the inbred genera tions N = 3900 and in the outbred generations N = 11,800. From these experiments a number of conclusions can be made: (1) sterility in the males as it appears in these lines is clearly transmissible through inheritance; (2) male sterility is controlled (i.e. reduced) but not eliminated by selection; (3) inbreeding, per se, is probably not the physiological cause.
T a b l e 2. Ch a n g e s i n t h e p r o d u c t io n o f s t e r il e m a l e s f o l l o w in g t h e USE OF SELECTED STOCK IN LARGE-SCALE BREEDING
It appears obvious that sterility is transmissible by the regularity with which it occurs in the four lines tested. In the wild stock both lines were derived from the same common stock yet they show extreme differences. One had a high degree of sterility while the other showed a low degree. Similarly, in the laboratory propagation of 1937 the first seven generations retained their high state of in fertility up to the time that outbreeding was commenced, and even then a certain proportion of the males was always sterile.
It is interesting to note in this connexion that Castle, Carpenter, Clark, Most & Barrows (1906) and Moenkhaus (1911) , in their experiments with Drosophila, found that productiveness and sterility were transmissible and alterable by selection. The experiments by Moenkhaus seemed to indicate that sterility behaved in inheritance in a Mendelian fashion acting as a recessive character and inherited only by males.
Whatever the causal factor to which sterility in Microplectron fuscipennis may be attributed, it is readily controlled although not entirely eliminated by selection. It is clear that inbreeding is responsible for its prevalence in a strain, but it is highly improbable that it is responsible for its origin. It is much more probable that sterility arises spontaneously or that it is present to a varying degree in this species. With the character present, regularly inherited and subject to change by selection, it can be seen that by indiscriminate breeding the factors could appear in varying intensities depending upon random combinations. Inbreeding would only intensify the chance combination of the factors and insure their more or less continued increase in successive generations.
(6) Fecundity of females. At the outset of this series of experiments it was expected that rigorous inbreeding with or without selection might soon result in a reduction of female fecundity. In neither of the inbred strains, however, could any appreciable difference be detected from the corresponding outbred lines with respect to the numbers of progeny which they produced. The data secured from the four lines are shown in table 3. In the table it may be seen that there has been no material reduction in fecundity of the wild stock during seven generations of inbreeding. Although the difference as shown in the table is 3-1 per female, it is not significant. A statistical treatment of the difference between means, where N -14 and t -0-261, showed that the P value, given by Fisher (1936), was greater than 0-50 and thus represents a difference which could occur by chance in over 1 case out of 2. This is well above the range of significance.
In the selected inbred and outbred laboratory lines the mean fecundity of the females shows a slightly greater difference. A mean increase in fecundity of 3-4 per female is shown by the laboratory outbred stock (table 3) . The difference, however, as in the case above, was not statistically significant.
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It is clear from these experiments that fecundity in this species is not affected by either method of breeding. Neither inbreeding nor outbreeding produced any appreciable change in the productivity of the females. That productiveness may be maintained and measurably increased if selection is made from the more pro ductive families is clearly shown by the results given in table 3. Here it can be seen that the mean progeny o f the selected stock is almost double that of the wild lines. Although the standard deviation of the laboratory stock is high (23*07), the mean difference, 19*76, is about twenty times larger than its standard error. In figure 3 is shown the frequency distribution of the progeny from the two classes. In the figure it is noticeable that in the progeny record of the laboratory lin e the distribution is distinctly bimodal. The lower mode of the laboratory stock is almost identical with that of the unimodal distribution of the wild females. It is also noticeable in the curve of the laboratory stock that the higher mode (90) contains the larger number of individuals. It is probable that by further and more Irigorous selection those forming the first mode could be still further reduced, and ithat the maximum mean fecundity of this species under laboratory rearing con ditions would be almost 90 offspring per mother.
The figure 4 show the normal distribution of deaths of this species in the laboratory.
In figure 4 it will be noticed that the curves for males and mated females are unimodal and fairly symmetrical but distinctly separated. That of the virgin females, if not unimodal, has a definite negative skewness which would suggest a possible correlation between mating and death. It is noticeable throughout the jiseries given in table 5 that of all the classes listed, virgin females show the greatest standard deviation and that females live longer than males. Although from a comparison 5f the means of each sex the difference is only 3*8 days, it may be clearly seen in figure 4 that the difference shown by the greatest number of in dividuals (modes) is from 5 to 6 days.
Selective breeding in parasite propagation
237 It may be noted that there is no essential difference between males and mated females but that virgin females show considerable variation. In the two former groups, although the times of death are scattered, there is a marked peak of mortality at approximately three-quarters of the life span. The peak of mortality of the virgin females is relatively later. At the 40 % point the small mode in the virgin female curve would indicate the influence of some factor acting at a definite period in the adult fife cycle.
Whether the difference between mated and virgin females is associated with the presence or absence of sperm merits further investigation. It has been suggested by Guyenot (1913) that in Drosophila females use sperm introduced by the male as food. In the chalcid Melittobia acasta, Parker & Thompson (1928) observed that starvation of gravid females resulted in the cessation of oogensis and that during starvation the eggs in the lower part of the ovaries were apparently absorbed. Flanders (1942) has also shown that in other hymenoptera after a period of in hibited oviposition, oosorption may take place with complete cessation of oogensis. This sorptive process was found to occur only when ovulation was inhibited and in JPhaeogenes nigridens (Smith 1932) began less than 10 days after the eggs reached maturity. If the same phenomenon occurs in Microplectron fuscipennis, the differ ence in longevity shown by the two classes of females might be considered as largely a function of nutrition.
With respect to the inbred and outbred, wild and laboratory fines certain differences are evident. Although the differences shown by mean longevity are capable of more extensive statistical treatment it is obvious that the fife span in some of the classes is not equal and therefore, treatment of the averages alone does not suffice to demonstrate the true relationships of longevity in these groups. A simple test of significance has been applied, however, by calculating the standard error of each series, the standard error of the mean and that of the error between means in particular cases. Where the difference between means is exceeded by more than twice the standard error the results are considered as significant.
Among the males, although the differences in length of life indicate a longer mean longevity in the outbred lines, they are not significant. Females on the other hand show a reverse relationship, the inbred fines having a longer average fife. Here again the differences are of doubtful significance except in the wild stock. Much more positive results were found in a comparison between the wild and selected lines. Throughout the series the longevity of selected stock is appreciably higher than the wild fines (table 6). Among the males the differences, although slight, are in agreement with the very significant longer fife of the selected fines shown by the females. In the case of the inbred females the selected stock has a mean fife longer by 3-23 days.
T a b l e 6. D if f e r e n c e s i n m e a n l o n g e v it y b e t w e e n In order to provide a clearer understanding of the difference between the four fines tested the same data were used in the construction of survivorship curves. Although the most commonly used form is that of the ' average or mean fife ' the average does not give a complete means of comparison, especially between in dividuals of different groups, since each may differ in its absolute fife span. The method outlined by Pearl & Miner (1935) is used here and longevity is expressed as the percentage deviation from the mean duration of fife. In the present study, since consideration is being given to only one class of adults (mated females) and the environments were the same, the curves represent the hereditary differences of longevity when reproductive activity is prevented.
WILD AND SELECTED LABORATORY STOCK in b red o u tb red ,----------------'----------------S
The survivorship curves (figure 6), although they are all typical of Pearl's intermediate or B type, appear to fall naturally into two groups. One group includes the two inbred fines and the other the outbred fines. In both groups the curves have the same general slope but the inbred stock survives to a certain period and then dies rapidly. In the outbred fines a greater proportion five longer and mortality is more gradual. 138  220  wild inbred  78  124  difference  60  96  selected outbred  102  172  selected inbred  100  144  difference  2  28 From these statistics it is seen that the variation as shown by the difference in the first column between the wild outbred and inbred females is 60 %, whereas in the selected stock the difference is only 2 %. Smaller, although similar differences are shown by the longest lived individuals (column 2). In this case the difference in the wild lines is 96 % as compared to 28 % in the selected lines.
Selective breeding in parasite propagation
The present studies on longevity lead to two points of interest in the laboratory breeding of parasites. Differences in rate of development or oviposition (probably both) can arise owing to the differential mortality of immature stages exposed to low temperatures. Since in the normal method of laboratory propagation for release, parasitized cocoons are held in cold storage (a little below the threshold of development) until adult emergence from the samples is complete and arrangements have been made for their shipment to the field, samples from different lines can be removed from time to time for testing. The most resistant period to low temperatures during development is the early pupal stage. The customary practice, therefore, is to allow development to proceed normally in an incubator operating at 24° C for 13 days and then remove those to be shipped to cold storage. Since all immature stages earlier or later than young pupae are killed by low temperatures, it is desirable, particularly in large-scale production, that as many as possible should be in the same stage when placed in cold storage.
Experiments to determine the ability of two lines of selected and non-selected laboratory stocks to withstand low temperatures were carried out. Cages of parasitized cocoons estimated to contain 10,000 M . fuscipennis were placed in cold storage at 1°C, after 13 days' incubation at 24° C. At the end of an 8 to 10-day exposure, they were removed to the incubation temperature of 24° C and allowed to emerge. In table 7 is tabulated the number of living adult emergents and dead parasites found in the cocoons of each lot. It is clear that the mortality shown in table 7 was appreciably higher in the unselected stock. In the unselected stock reared in the laboratory for twenty-four generations 23-5 % was killed by 8 days' exposure to 1° C. In the 8th selected generation mortality was reduced to 10-1 % and in the 12th to 5 %. Subsequent tests have shown a further reduction by selection to approximately 3 % during the past few years. Three per cent appears to be the irreducible minimum mortality.
It will be noted in the table that most of the deaths occurred in the later pupal stages. The conclusion, however, that a much larger proportion of pupae than larvae is killed is not justified on the basis of the data presented. Parasite larvae break down rapidly after death and the identification of their remains on the host, therefore, is very difficult. The last column in table 7 includes only recognizable dead larvae all of which were in late stages of development. It is quite probable that some of the earlier dead instars were not included. The nature of the vari ability in the wild stock, whether due to differences in oviposition or rate of develop ment, has not been determined.
In the large-scale production of M . fuscip f breeding is further demonstrated by the present studies on longevity and related phenomena. In these cases, however, the changes brought about appear to be largely due to the modifying action of other factors, since selection was only for low male ratio and high fecundity. Thus improvements in longevity and survival at low temperatures have been aided by the occurrence of contemporaneous genetic changes associated with the sorting out of variations in fecundity and the sex ratio. It would appear that the changes in length of fife and survival are supplemental and probably due to changes in the total complex of factors concerned with increased productiveness, since both continued to change progressively under selection.
Co n c l u s io n s
A direct attempt to improve on the field establishment of M . fuscipennis by selective breeding in the laboratory has been reported by Wilkes (1942) . The experiments described showed that ovipositing females exhibited preferences for j certain temperatures in the laboratory and that by the application of a formal ! selective breeding programme, strains could be isolated each of which differed in its preferred temperature. Thus, parasites could be reared in the laboratory better adapted to field conditions in the infested area. The methods utilized, restricted in that study to the temperature preferences of the parasite, when directly applied to other characteristics involved in laboratory propagation, have in the present work, produced similar results.
In laboratory propagation, selective breeding based on the utilization of most ! favourable individuals has materially aided in the large-scale production of this species for release. By applying definite animal breeding methods it was possible to carry out a breeding programme on a basis sufficient to allow for the propagation and distribution of over 889,000,000 parasites and this enabled the very rapid distribution of the parasite over the sawfly infested area in Canada. Evidence of its probable value in the propagation of other insect parasites is shown in the present study by a continuous decrease in the numbers of sterile males produced, increased fecundity of the females and reduced variability in length of fife, development and oviposition.
The limiting nature of the fertility of males so often encountered in the labora tory propagation of insect parasites was readily controlled by selective breeding. By the judicious selection of brothers and sisters mated from families showing low degrees of sterility, male infertility was reduced to approximately 2 %. It was impossible, however, to reduce further the sterility of the selected stock.
The causal factor to which sterility in M . fuscipennis may be attributed has not been determined but as it appears in the fines studied, it is clearly transmissible through inheritance. Inbreeding is responsible for its prevalence and increase but not responsible for its origin. By selection the chance combination of the factors has been continuously reduced. In order to maintain the low degree of sterility (shown in this arrhenotokous species by a high female sex ratio in the offspring) outbreeding is essential.
From field records it is evident that in nature there is a wide divergence in the fecundity of different females. By the selection of most productive mothers the progeny of wild stock has been almost doubled. The mean number of offspring was increased from 48 to 68 per mother in the laboratory-reared fine. This was partly due to a decrease in the number of sterile females, shown by a reduction of from 35 to 8 % of the breeding females in the selected fines.
Although differences in fecundity within each group were observed between inbred and outbred females, they did not appear to be significant. Fecundity was not affected by cross-breeding females of high and low productivity. In attempting to utilize heterosis, therefore, reciprocal cross-breeding of individuals from fines of different racial fecundity did not produce progenies with abnormal reproductive capabilities.
The advantages of applying selective breeding practices in the propagation of parasites are also evident by their effects on the rate of mortality and mean length Selective breeding in parasite propagation show different 1 survivorship curves. The inbred flies are less variable and die more rapidly when they have passed their average life span. Selected stock has a longer mean life J than wild stock and a more uniform rate of mortality. The average life of laboratory 1 stock as determined from tests on 4000 adults without food was for males 5-2 days, . 1 virgin females 7*5 days and mated females 8*9 days. Changes in variability shown by the studies on longevity are similarly expressed j in the production of eggs and rate of larval development. Through selective I breeding the coefficient of variability in egg production has been reduced from 34-7 % in the laboratory-reared wild stock to 17*1 % in the selected lines. Mor tality during larval development in unselected wild stock was much higher than ! in the selected laboratory stock. This was shown by exposing parasites to 1° C j for a period of 8 to 10 days during a critical period in pupal development. In eight generations of selection the number of parasites killed was reduced from 23*5 %: to 10-1 % and in the 10th selected generation to 5*0 %. Larval mortality was not reduced lower than 3 % by further selection. The compound eyes of the solitaria phase individuals of the desert locust, Schistocerca gregaria (Forskal), are vertically striped with mostly 6 and 7, rarely 5 and 8, dark brown stripes, and a number of cream-coloured interstripes. In phase gregaria the interstripes, which are more or less invaded by brown pigment, are partially or wholely masked, the eye in the latter case presenting an almost uniformly dark brown appearance. The postembryonic development of the striped eyes, is described stage by stage. There is no stripe at the time of hatching. In the 6-striped eye one stripe is developed in the firststage hopper and, subsequently a stripe is added at each of the five moults. In the 7-striped eye the one-moult-one-stripe relationship holds good in most stages, but the extra seventh stripe is produced in two ways: (i) By the addition of two stripes at the second moult (i.e. the third-stage hopper has four stripes instead of three); and (ii) by the interposition of an extramoult, usually in the third stage and rarely in the fourth, during which a new stripe is added (stripe-positive extra-moult). But extra-moulting does not necessarily lead to the addition of a stripe; stripe-neutral extra-moults are not infrequent.
The development of the dorsal spot and the subdorsal streak are described. The mechanism of growth and the homology and nomenclature of the stripes and interstripes are discussed.
The structure of the compound eyes and the pigmentary basis of stripe formation are described, and their effects on vision in solitaria and gregaria individuals discussed.
Vision is discussed on the basis of ommatidial structure and pigmentation. In gregaria eyes a perfect apposition image is formed, the image being sharply defined. An 'anti-halation' device, produced by the post-retinular layer of pigment, is present. The eye is suited for diurnal vision, and strong direct sunlight is not avoided. In solitaria eyes the image is of the apposition type in its mode of formation but of the superposition type in effect; it has been termed a 'pseudo-superposition' image, and is more diffuse but brighter than in gregaria eyes. The 'anti-halation' device is weak and ineffective. The eye is suited for vision in subdued light and perceives movements rather than sharp images. Solitaria individuals, especially hoppers, avoid strong, direct sunlight.
The effects of these differences in vision on the behaviour of gregaria-and solitaria-phase individuals are as follows: the former, owing to mutual visual impact induced by the formation of sharp images, tend to be gregarious; and further, owing to the presence of lightabsorbing mechanisms, they do not avoid strong sunlight; the latter, on the other hand, owing to the want or comparative ineffectiveness of the above-mentioned features, neither tend to congregate nor to go out boldly into the bright open.
